and magnetophoresis. 13 DEP, originally reported by Pohl, involves the motion of microparticles in a non-uniform electric field. 1 "Positive DEP" is defined as migration from a weaker electric field to a stronger one. "Negative DEP" corresponds to migration to the opposite direction. The dielectrophoretic behavior depends on several physical parameters: the permittivities and conductivities of the particle and the medium, the frequency and voltage of an alternating current (ac) electric field, and the particle radius. Thus, the differences in the dielectric property of the interior and the surface of microparticles directly reflect their DEP behaviors.
There have been many studies on the dielectric force and dielectrophoretic separation for a variety of samples, but there have been few studies on the quantitative analysis of DEP migration of single microparticles. A planar quadrupole or multipole electrode 4 has an advantage that the electrode can be easily fabricated, 2 and that the DEP migration in the electrode can be analyzed quantitatively. The DEP migration of some samples, such as polystyrene particles, 2, 6, 7 carbon particles 8 and DNA, 9 were studied in planar quadrupole and octapole microelectrodes. Recently, a more efficient separation was performed by combining DEP and field-flow-fractionation (FFF). [9] [10] [11] The dielectrophoretic FFF (DEP-FFF) demonstrated separations of microparticles with small differences in their dielectric properties.
Baker's yeast (Saccharomyces cerevisiae) is a eucaryotic cell like a human cell. Yeast is now widely studied as a typical eucaryotic cell in biology, medicine, pharmacology and biotechnology. Some studies on dielectrophoresis have been carried out for viable and non-viable yeast cells in a non-uniform electric field, [3] [4] [5] though the DEP migration of individual single yeast cells has not been investigated so far. The yeast cell wall mainly consists of glucan, and has mannan groups on the surface. Concanavalin A (Con A) is a lectin protein possessing a sugar binding nature. It strongly binds to mannose residues and mannan. 14,15 Therefore, Con A was expected to bind to the yeast cell surface strongly. Con A exists as a tetramer at neutral pH, and the diameter of the tetramer is about 10 nm. 16 In the present work, we investigated the dielectrophoretic migration of individual single yeast cells in a planar quadrupole microelectrode in detail.
The difference in their dielectrophoretic behaviors, which depended on viability, medium conductivity, and Con A binding, was analyzed.
and purified with a Milli-Q system (Milli-Q Sp. Toc., Millipore). Other reagents were of analytical reagent grade.
Preparation of sample solutions
Solid yeast cells were dispersed in an NaHCO3 aqueous solution, whose pH was 7 -8. The pH and conductivity were adjusted with NaHCO3. To keep yeast cells and Con A active, NaHCO3 was used as a pH buffer.
Typical NaHCO3 concentrations were about 5 × 10 -4 mol/dm 3 at lower conductivity (7.5 × 10 -3 S/m) and 1 × 10 -3 mol/dm 3 at higher conductivity (1.27 × 10 -2 S/m). To prepare a solution containing only non-viable yeast cells, viable yeast cells in water were heated at 90˚C for 20 min. 5 A Con A-TMR or Con A aqueous solution was added to the viable or non-viable yeast cell solution at 5.5 × 10 -8 mol/dm 3 (as the tetramer concentration), and then the solution was kept for 1 -2 h in a refrigerator to confirm the binding.
The final concentration of the yeast cells was 0.57 mg/cm 3 , which corresponded to about 8 × 10 6 cells/cm 3 .
DEP measurements
A fluorescence microscope (BX51WI, OLYMPUS) equipped with an objective lens (50×) and an intensified CCD camera (ipentamax, NIPPON ROPER Co.) was utilized to observe the dielectrophoretic behaviors of yeast cells. Microscopic images were transferred to a personal computer for analysis. A dielectrophoretic electrode was fabricated by a computercontrolled laser-ablation method reported previously. 2 Briefly, a gold layer of 225 nm in thickness was formed on a glass plate by vapor deposition in vacuo. Pulsed laser light (355 nm, 14 µJ/pulse) was focused on the plate as a spot of 1 µm × 1 µm with an objective lens (50×) to remove the gold on the plate by laser ablation. The plate was placed on an xy stage, whose motion was controlled by 1 µm steps with a personal computer, to fabricate the patterns of a quadrupole electrode. The working area of the electrodes was 100 µm in diameter. A function generator (SG-4105, IWATSU Co.) was used for applying an alternating current (ac) to the electrodes. The frequency ( f ) and voltage (Vrms; rms is root mean square) of the applied ac were 1 kHz -10 MHz and 1.06 V, respectively. The conductivity of aqueous solutions was measured with a conductivity meter (CM-40V, TOA ELECTRONICS Co.).
All of the dielectrophoretic experiments were carried out in a thermostated room at 25˚C.
Theoretical
The dielectrophoretic behavior of a microparticle in a planar quadrupole electrode has been described in detail. 6 Briefly, the radial distance (R) from the center of the quadrupole electrode to the microparticle is expressed as a function of time (t) as:
where R0 means the initial R at t = 0. The coefficient α is the dielectrophoretic mobility, defined as:
where r is the radius of the particle, εm the permittivity of the medium, d the radius of the working area of the electrode, η the viscosity of the medium, -------3ηd 4 frequency ( f ), which is expressed as:
Here, fMW is a critical frequency (the so-called Maxwell-Wagner effect) that differentiates the conductivity regime (f < fMW) from the permittivity regime (f > fMW), defined as:
where εp is the permittivity of the particle, and σp and σm are the conductivities of the particle and the medium, respectively. Re[Ke] is controlled by the conductivities at a frequency range lower than fMW, while it is controlled by the permittivities at the frequency range higher than fMW.
Results and Discussion

Effect of viability on the dielectric properties of yeast cells
Solid viable yeast cells (0.57 mg/cm 3 ) were dispersed to an aqueous solution of 5 × 10 -4 mol/dm 3 NaHCO3. The conductivity of the solution was 5.6 × 10 -3 S/m. After heating the solution at 90˚C for 20 min, the conductivity rose to 7.5 × 10 -3 S/m. This meant that the viable yeast cells possessed an aqueous medium (cytosol) of higher conductivity in it, and that the medium was partially released from the cells by death. The viable and non-viable cells could not be distinguished by eye using the microscope.
The conductivities of the yeast cell interior (σp,i) were reported to be 0.2 and 7 × 10 -3 S/m for viable and non-viable yeast cells, respectively, which might be affected by the medium conductivity. 17 The interior of a yeast cell mainly consists of water, and thus the permittivity of the cell interior (εp,i) was assumed to be nearly equal to εm. By assuming εp ≈ εp,i and σp ≈ σp,i, the fMW value was estimated as 17 MHz for viable cells in both the lower and higher conductivity solutions. Therefore, the dielectrophoresis of viable cells would be controlled by the conductivities in the observed whole frequency range (1.0 kHz -10 MHz). As for non-viable yeast cell, the fMW values were 1.7 and 2.5 MHz in the lower and higher conductivity solutions, respectively.
Dielectrophoretic behaviors of viable and non-viable yeast cells
Yeast cells are of spherical shape (5 -7 µm in diameter). Dielectrophoresis of viable and non-viable yeast cells were successfully observed with the DEP electrode under the microscope with transmissible light. Figure 1 shows successive images of the DEP behavior of viable yeast cells. Figure 1(a) displays positive DEP; all of the cells migrated to the electrode edge where the electric field was stronger. Negative DEP is illustrated in Fig. 1(b) ; all of the cells migrated to the electrode center where the electric field was weakest. For both DEPs, the trajectory was radial, that is, linear migration. DEPs. The slope of the plot gave the dielectrophoretic mobility (α). The α value was obtained by averaging for 3 measurements. Figure 4 displays plots between α and log f in the lower and higher conductivity solutions. As shown in Fig. 4(a) , the α values for the viable cells were positive, except for the value at 10 kHz in the higher conductivity solution. The positive α values agreed qualitatively with those predicted by Eq. (3) using the conductivity of the cell interior (σp,i) as σp, due to σp,i > σm.
The increase in σm caused a decrease in α at 1.0 and 10 kHz as shown in Fig. 4(a) , which could be suggested by Eq. (3). However, the negative α means σp < σm, which is inconsistent with the conductivity of a viable cell interior. The yeast cell has an insulated cell wall of about 100 nm in thickness, and its intrinsic conductivity (σp,w) was reported to be much low (2.5 × 10 -7 S/m) for viable cells. 17 Biological cells were modeled as membrane-covered spheres, and the conductivity of the cell membrane (or wall) was an important factor in the lower frequency range when its conductivity was low. 18 The effect of the cell wall was analyzed by introducing the reduced conductivity (σp,w = rσp,w/l), where l was the thickness of the cell wall. 18 In the present case, the value of the reduced conductivity (σp,w) was estimated to be 1.5 × 10 -5 S/m, which was much lower than σm. Thus, the negative α is qualitatively attributable to the lower conductivity of the wall of a viable yeast cell. The slope corresponds to the dielectrophoretic mobility (α). remarkable in Fig. 4(b) , and this decrease was related to the fMW value (= 1 -2 MHz). In other words, the difference between εp and εm can be considered to be small, which would lead to a small α value at 10 MHz.
A remarkable difference between viable and non-viable yeast cells was observed at 10 kHz due to the difference in the conductivity of the cell wall. The α values of the viable and non-viable yeast cells were positive and negative, respectively, in the higher conductivity medium. Therefore, DEP at 10 kHz in that medium easily enables one to separate viable and nonviable yeast cells.
Binding of Con A to yeast cells
There are mannan groups on the surface of the yeast cell wall. Con A has a specific affinity to sugar, and especially possesses a strong binding nature to mannan. Therefore, Con A was expected to bind to yeast cells strongly. To confirm the binding of Con A to yeast cells, fluorescent Con A-TMR was used. Aqueous solutions of yeast cells and 5.5 × 10 -8 mol/dm 3 Con A-TMR were mixed on a slideglass, and fluorescence (excitation: 520 -550 nm, emission: 580 -1000 nm) of the sample solution was observed with the microscope. It was confirmed that the binding was fast (within 10 min). Both viable and non-viable yeast cells showed the fluorescence of Con A-TMR, as shown in Figs. 5(a) and 5(b), respectively, indicating that cell wall and mannan on the surface were not destroyed by the heating at 90˚C.
Microscopic images were also observed through transmissible light at the same time; these images are given in 
Dielectrophoretic behavior of Con A binding yeast cells
In the following dielectrophoretic examination, non-labeled Con A was used. Figure 6 shows the relationship between the dielectrophoretic mobility (α) and f of ac for Con A binding yeast cells. These measurements were carried out in the high conductivity solution ((1.26 -1.28) × 10 -2 S/m).
As mentioned above, the Re[Ke] term in α for viable yeast cells was controlled by the conductivities in the experimental frequency range. Figure 6 (a) shows that there are slight effects of Con A binding on the DEP behavior of viable yeast cells, and this means that the conductivity of the cell wall is hardly affected by the binding of Con A on the cell surface.
The DEP behavior of non-viable yeast cells was remarkably changed at 1.0 MHz by the Con A binding, as shown in Fig.  6(b) . As shown in the previous section, fMW was 1 -2 MHz for non-viable cells. At higher frequency than fMW, Re[Ke] is shifted to the permittivity regime. The permittivity of a membrane-covered sphere can be expressed as: 18
where εp,i is the permittivity of the cell interior and εp,w the reduced permittivity of the cell wall (= rεp,w/l; εp,i > εp,w). The maximum number of Con A, which was able to bind to one yeast cell, was simply estimated as 4 × 10 6 molecules. The diameter of tetramer Con A is about 10 nm, and thus the maximum volume ratio of the cell wall to the total Con A is about 5:1. εp,w, which corresponds to the capacitance of the cell wall, 18 can be decreased by the Con A binding, and thus this leads to a decrease in εp. A decrease in εp would cause a 
Conclusions
Dielectrophoresis of individual yeast cells was measured by using a planar quadrupole electrode, and the effects of the viability, medium conductivity and binding of Con A were analyzed.
Although viable and non-viable yeast cells showed a similar dependence on the frequency of ac, some differences were observed in the medium conductivity effect at 10 kHz and in the Con A binding effect at 1 -10 MHz. In the medium conductivity effect, the difference at 10 kHz was dominantly attributable to a decrease in the conductivity of the cell wall. It was suggested that a suitable selection of the medium conductivity enabled one to separate viable and non-viable yeast cells at 10 kHz.
The dielectrophoretic behavior of viable yeast cells was hardly affected by the Con A binding. However, the binding of Con A to non-viable yeast cells remarkably reduced the dielectrophoretic mobility at 1.0 MHz, which was attributable to a decrease of the cell wall permittivity by the Con A binding. The present study demonstrated that Con A binding was able to change the dielectric properties of the cell wall. Further quantitative studies should be necessary for the analysis of cell surface properties.
